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Abstract. One method for the damage localization of impact damage in laminated compos-
ite plates, based on their vibrational characteristics, is presented in this paper. This method
uses double pulse-electronic holographic interferometry for mode shapes acquisition and the
differences in curvatures. The rotations and curvatures are numerically obtained. The method
is applied to a carbon fibre reinforced epoxy rectangular plate, free in space, subjected to two
cases of impact damage. It is shown that the method based on curvatures allows for the localiza-
tion of both cases of damage, which can be undetected by visual, X-ray or C-Scan inspections.
The best localizations are achieved by selecting and applying the method to the most changed
mode.
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1 INTRODUCTION
In recent years the use of laminated composite materials in many mechanical and aerospace
engineering structures has seen a huge increase, due, among other factors, to their specific stiff-
ness and strength. However, because of these materials characteristics, damage can be produced
during fabrication or by inappropriate or hazardous service loads. Delamination is one the most
common and dangerous damages, caused by internal failure of the laminas interface. These
internal damages can be undetected by visual inspection. Therefore, in order to assess the struc-
ture integrity, non destructive inspection methods are needed for damage localization. The most
used non destructive inspection methods are either visual or localized experimental methods
such as acoustic or ultrasonic methods, magnet field methods, radiographs, eddy-current meth-
ods and thermal field methods [1]. These experimental methods can detect damage on or near
the surface of the structure [1], therefore not allowing the detection of delaminations.
The use of vibration based delamination identification and health monitoring techniques for
composite structures have been surveyed by Zou et al. [2]. The level of success in identifying
damage is directly related to the sensitivity of the applied measurement technique and the pa-
rameters used in the identification methodology. Abdo and Hori [3], showed numerically that
damage localization by mode shapes can be more easily accomplished if rotation differences
are involved. However, in the presence of small defects with noisy data, obtained from experi-
mental measurement, the use of rotations can mislead the damage localization. In these cases,
a higher sensitivity parameter, like the curvature or strain energy, could be used instead [4, 5].
One method for the damage localization of impact damage in laminated composite plates,
based on mode shapes curvature differences, is presented, applied and discussed in this paper.
The measurement of mode shapes translations is performed using double pulse-electronic holo-
graphic interferometry and the plate is excited acoustically. In order to overcome the problem of
differentiating noisy data, the rotations and curvatures are obtained by numerical differentiation
of modes shapes translations using a differentiation/smoothing technique [6, 7, 8, 9, 10, 11].
The proposed methodology was applied to a carbon fiber reinforced epoxy rectangular plate,
free in space, subjected to two cases of impact damage. The results of applying the mentioned
method showed that the curvature differences allow the localization of both cases of damage,
which can be undetected by visual, standard X-ray or C-Scan inspections. Finally, it was also
found that the best localizations are achieved by selecting the most changed mode, due to the
presence of damage.
2 EXPERIMENTAL SETUP
A carbon fiber reinforced epoxy rectangular plate, with a [0/90/+45/−45/0/90]s stacking
sequence, was analyzed before and after being damaged by impact using the experimental tech-
niques described in this Section. The plate in-plane dimensions are 277.0 mm × 199.0 mm and
its thickness is 1.80 mm. The specific mass is ρ = 1562 kg/m3 and the laminas mechanical
properties are E1 = 123.4 GPa, E2 = 8.6 GPa, G12 = G13 = 5.0 GPa, G23 = 6.1 GPa,
ν12 = 0.14, which were obtained using a technique described in [12]. The first ten natural fre-
quencies of the plate were obtained from its Frequency Response Functions (FRFs). The plate
was suspended with high flexible rubber bands creating a nearly free condition. A transient
excitation was performed with an impact hammer Bru¨el & Kjær model 8203 and a non con-
tact measurement of the plate response was carried out with a microphone. Both signals were
processed in a Bru¨el & Kjær analyzer, model 2148. In Figure 1 is shown a view of the setup
used.
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Figure 1: Experimental setup for Frequency Response Functions measurements.
A double pulse-electronic holographic interferometry set up with acoustic excitation was
used to assess the plate mode shapes. This high sensitive technique allows a non contact mea-
surement of the mode shapes with no influence in the plate mass distribution. A double-pulsed
Ruby Laser was used to generate pairs of pulses with a time separation varying between 1µs and
800µs. The double pulse speckle patterns were recorded with an asynchronous CCD camera,
with a 512 × 512 resolution (Figures 2 and 3).
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Laser control
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Figure 2: Schematic of experimental setup for mode shapes measurements.
To assess the phase map of each speckle pattern a spatial carrier is introduced in the primary
fringes by a small tilt in the reference wave front [13]. Due to the short time between recordings,
any low frequency rigid body movement of the plate is eliminated. The two interferograms are
post-processed using dedicated image processing techniques [7, 10, 11, 14, 15, 16, 17, 18, 19]
and thus the mode shapes translations are obtained.
The spatial differentiation of these mode shapes translations was carried out by combining
smoothing/differentiation techniques. The procedure used is very simple and allows high qual-
ity results [9], relatively to other numerical differentiation techniques, such as finite differences.
3
J.V. Arau´jo dos Santos, H.M.R. Lopes, M. Vaz, C.M. Mota Soares, C.A. Mota Soares and M.J.M. de Freitas
(a) Laminated test plate
(b) Ruby Laser LUMONICS and CCD camera (c) Excitation loudspeaker
Figure 3: Experimental setup for mode shapes measurements.
Between each evaluation a smoothing algorithm is applied [7]. Figures 4 and 5 show the un-
damaged plate fringe patterns, translations and rotations of the first and tenth mode shapes,
respectively.
3 DAMAGE LOCALIZATION METHOD
Consider the kth point, with (x, y) coordinates, and the ith mode shape of a plate. Let their
undamaged and damaged out-of-plane translations be defined as
wki and w˜ki. (1)
The rotation, θki and θ˜ki, and curvature, κki and κ˜ki, vectors can be defined in terms of these
4
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Figure 4: Undamaged plate first mode shape (f1 = 95.0 Hz).
translations by
θki =
{
(θx)ki , (θy)ki
}T
=
{
∂wki
∂x
,
∂wki
∂y
}T
,
θ˜ki =
{(
θ˜x
)
ki
,
(
θ˜y
)
ki
}T
=
{
∂w˜ki
∂x
,
∂w˜ki
∂y
}T (2)
and
κki =
{
−∂
2wki
∂x2
, −∂
2wki
∂y2
, −2∂
2wki
∂x∂y
}T
,
κ˜ki =
{
−∂
2w˜ki
∂x2
, −∂
2w˜ki
∂y2
, −2∂
2w˜ki
∂x∂y
}T
.
(3)
One can define the differences between curvatures, CD (κk, κ˜k), in the kth point as follows:
CD (κk, κ˜k) =
1
n
∑
i
| ‖κki‖2 − ‖κ˜ki‖2 |, (4)
where ‖κki‖2, ‖κ˜ki‖2 are the Euclidean norms of vectors κki and κ˜ki, respectively. The number
of included mode shapes is denoted by n, while index i in expression (4) makes reference to the
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(a) Fringe patterns
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Figure 5: Undamaged plate tenth mode shape (f10 = 770.5 Hz).
chosen mode shape included in the computation of CD (κk, κ˜k). In what follows, the method
defined by expression (4) will be referred as Curvature Differences method.
4 APPLICATIONS
The plate presented in Section 2 was subjected to two cases of damage. The first case cor-
responds to a damage generated by a low energy impact in the center of the plate (Figure 6(a)),
by dropping a steel ball. After measuring the natural frequencies and mode shapes, using the
procedures described in Section 2, a second damaged was introduced in the plate by percuting
the plate right upper corner (Figure 6(b)) with a rounded steel tip hammer and again the natural
frequencies and mode shapes were measured.
Table 1 presents the percentual differences between the natural frequencies in the undamaged
state (original natural frequencies) and the natural frequencies for both cases of damage (dam-
aged natural frequencies). The numerical superscripts in Table 1 denote the case of damage and
the values of FD are given by
FD
(
fi,
1f˜i
)
=
fi − 1f˜i
fi
× 100 and FD
(
fi,
2f˜i
)
=
fi − 2f˜i
fi
× 100.
The mode shapes were quantitatively compared using the modified Modal Assurance Crite-
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Figure 6: Schematic of impacted areas.
Modo fi 1f˜i FD
(
fi,
1f˜i
)
2f˜i FD
(
fi,
2f˜i
)
i [Hz] [Hz] [%] [Hz] [%]
1 95.0 95.0 0.00 96.0 −1.05
2 158.5 158.0 0.32 158.5 0.00
3 248.0 247.0 0.40 247.5 0.20
4 263.0 262.5 0.19 262.5 0.19
5 321.5 322.5 −0.31 321.0 0.16
6 440.5 438.5 0.45 438.0 0.57
7 488.0 486.0 0.41 483.5 0.92
8 526.5 525.5 0.19 524.5 0.38
9 721.0 718.0 0.42 716.0 0.69
10 770.5 766.5 0.52 758.0 1.62
Table 1: Differences between original and damaged natural frequencies
rion (MAC) and the Normalized Modal Difference (NMD) parameters defined by
MAC (wi, w˜i) =
∣∣∣(wi)T (w˜i)∣∣∣2[
(wi)
T (wi)
] [
(w˜i)
T (w˜i)
] for 0 < MAC (wi, w˜i) 6 1,
NMD (wi, w˜i) =
√
1−MAC (wi, w˜i)
MAC (wi, w˜i)
for 0 6 NMD (wi, w˜i) <∞;
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MAC
(
θxi, θ˜xi
)
=
∣∣∣(θxi)T (θ˜xi)∣∣∣2[
(θxi)
T (θxi)
] [(
θ˜xi
)T (
θ˜xi
)] for 0 < MAC (θxi, θ˜xi) 6 1,
NMD
(
θxi, θ˜xi
)
=
√√√√√1−MAC
(
θxi, θ˜xi
)
MAC
(
θxi, θ˜xi
) for 0 6 NMD (θxi, θ˜xi) <∞;
MAC
(
θyi, θ˜yi
)
=
∣∣∣(θyi)T (θ˜yi)∣∣∣2[(
θyi
)T (
θyi
)] [(
θ˜yi
)T (
θ˜yi
)] for 0 < MAC (θyi, θ˜yi) 6 1,
NMD
(
θyi, θ˜yi
)
=
√√√√√1−MAC
(
θyi, θ˜yi
)
MAC
(
θyi, θ˜yi
) for 0 6 NMD (θyi, θ˜yi) <∞;
MAC (qi, q˜i) =
∣∣∣(qi)T (q˜i)∣∣∣2[
(qi)
T (qi)
] [
(q˜i)
T (q˜i)
] for 0 < MAC (qi, q˜i) 6 1,
NMD (qi, q˜i) =
√
1−MAC (qi, q˜i)
MAC (qi, q˜i)
for 0 6 NMD (qi, q˜i) <∞,
where wi e w˜i, θxi and θ˜xi, θyi and θ˜yi are, respectively, the partition vectors of the global
vectors qi =
{
wi,θxi,θyi
}
and q˜i =
{
w˜i, θ˜xi, θ˜yi
}
, relative to the translations and rotations
about y and x axis, of the ith mode.
The values of MAC and NMD, presented in Tables 2 and 3, were obtained taking into ac-
count 481 components in the partition vectors and 1443 components in vectors qi e q˜i. There-
fore, these vectors contain the translations and rotations in 481 points, schematically represented
by black dots in Figure 7. The choice of these points was made in order to compare the experi-
mental mode shapes with those numerically obtained, using a plate finite element model based
on the first order shear deformation theory [12]. In Tables 2 and 3, the values of NMD greater
than 50% and the corresponding MAC are printed in bold.
By comparing the values presented in Tables 1 with those in Tables 2 and 3, one can conclude
that the most changed modes are not necessarily the ones with the biggest differences in natural
frequencies. The most changed mode shapes translations for both cases of damage are presented
in Figures 8 and 9, where are also shown the undamaged mode shapes translations.
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Figure 7: Distribution of points for the computation of MAC and NMD.
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Figure 8: Third mode shape translations.
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Figure 9: Sixth mode shape translations.
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4.1 Proposed non destructive inspection methods
Damage localization using 10 mode shapes
The following damage localizations results were obtained using the first ten mode shapes,
i.e., considering n = 10 and i = 1, ..., 10 in expression (4).
By applying the Curvature Differences method, one can see that the greatest values of
CD (κk, κ˜k) appear in the right upper corner of the plate (Figure 10(b)), while the damage
in the plate center is not located (Figure 10(a)).
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Figure 10: Damage localization with Curvature Differences method and 10 modes.
Damage localization using the most changed mode shape
Figures 11(a) and 11(b) present, respectively, a 3D plot and a contour plot of CD (κk, κ˜k)
values obtained by applying the Curvature Differences method to the most change mode shape,
due to the damage in the plate center, i.e., the third mode shape (see Table 2), by defining n = 1
and i = 3 in expression (4). The corresponding undamaged and damage natural frequencies
are, respectively, f3 = 248 Hz and 1f˜3 = 247 Hz. It can be undoubtedly seen that the damage
is located.
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Figure 11: Damage case 1 localization with Curvature Differences method and third mode
(f3 = 248.0 Hz).
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For both damages, one in the plate center and the other on its upper right corner, the most
changed mode is the sixth (see Table 3), to which correspond the undamaged and damage
natural frequencies f3 = 440.5 Hz and 2f˜6 = 438.0 Hz, respectively. The Curvature Differences
method results, using only this mode shape curvature (n = 1 and i = 6 in expression (4)) are
presented in a 3D plot and a contour plot in Figures 12(a) and 12(b). These Figures show the
presence of damage in the plate upper right corner. However, the damage present in the plate
center is not detected.
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(a) 3D plot (b) Contour plot
Figure 12: Damage case 2 localization with Curvature Differences method and sixth mode
(f6 = 440.5 Hz).
4.2 Other non destructive inspection methods
The damages inflicted to the plate are not detected by global visual inspection. Only by close
examination is it possible to see some small indentations on the plate surface, where the impacts
were made. The presence of damages was also not detected by standard X-ray inspections.
After both damages were inflicted to the plate, a C-Scan analysis was also performed. Fig-
ures 13(a) and 13(b) present the scanning results for all plate and for its center area, respectively.
One notes that the damage in the center of the plate is detected, although the damage in the plate
upper right corner is not. Since the damage in this area was inflicted by percussion with a ham-
mer, the S-Can is unable to detect it.
5 CONCLUSIONS
In this paper is presented, applied and discussed three methods for damage localization of
impact damage in laminated plates, based on mode shapes curvature differences. The mode
shapes translations are experimentally obtained using double pulse-electronic holographic in-
terferometry and a acoustic excitation. To overcome the problem of differentiating noisy data,
the rotations and curvatures are obtained by applying a novel differentiation/smoothing tech-
nique. A carbon fiber reinforced epoxy rectangular plate, free in space, was subjected to two
cases of impact damage. The results of applying the method showed that the curvature differ-
ences allows the damages localization. These damages can be undetected by visual, standard
X-ray or C-Scan inspections. It was also found that the best localizations are achieved by se-
lecting the most changed mode.
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(a) C-scan of all plate (b) C-scan of plate center
Figure 13: C-Scan of plate with damage in center and upper right corner.
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